) describe levels of thermal maturity within adjacent field areas containing younger rocks (Fig. 2) . These earlier reports also provide more detailed descriptions of both laboratory techniques and statistical treatment of data. Geologic interpretations of the paleothermal data are discussed in greater detail elsewhere (Underwood et al., , 1988 Underwood, 1988) .
GEOLOGIC BACKGROUND
The Yolla Bolly terrane ( Fig. 1) is divided into four thrust-bounded units ranging from relatively coherent sequences of metagraywacke and chert to polymict melange (Blake et al., 1982 (Blake et al., , 1985 (Blake et al., , 1987 . Igneous rocks include alkalic-titaniferous intrusive bodies and both intrusive and extrusive keratophyre and quartz keratophyre. Radiolarian microfossils and scarce megafossils indicate a Late Jurassic (Tithonian) to Early Cretaceous (Valanginian) protolith age for most of the terrane; however, middle Cretaceous (Cenomanian) fossils also occur locally. Two phases of penetrative deformation have been recognized, with the first phase accompanied by blueschist-facies metamorphism. The timing of metamorphism has been estimated at approximately 92 Ma (Blake et al., 1987) . The key metamorphic minerals of the Yolla Bolly terrane are lawsonite and aragonite, which typically occur with either purapellyite, sodic amphibole, or jadeitic pyroxene. Maps of metamorphic textural zones and mineral assemblages define an eastward increase in metamorphic grade (Blake et al., 1987) . The estimated P-T conditions based upon inorganic phase equilibria range from 180°C and 6 kb in the west, to 285°C and 9 kb in the east.
The Central Franciscan belt (Fig. 1) is a tectonic melange containing mesoscopic blocks and megascopic slabs of graywacke, greenstone, 
FIGURE 1. Simplified map of tectonostratigraphic terranes, Franciscan
Complex, northern California. Modified from Blake et al. (1987) . rather than millimeters. Additional descriptions of X-ray laboratory techniques appear in Appendix A.
Several procedures are available to derive estimates of peak paleotemperature from measured values of vitrinite reflectance. Some of these methods consider the effects of both temperature and heating time (Hood et al., 1975; Waples, 1980) . Other workers, however, contend that Ro equilibration occurs within 104 to 106 years and that additional heating time has little or no influence on organic metamorphism (Barker, 1983; Price, 1983; Barker and Bawlewicz, 1986) . The temperature estimates reported herein are based upon the Price (1983) correlation. We stress, however, that the consequences of variable heating duration remain controversial (e.g., Bostick, 1984; Kbhsmann, 1985) ; our data, therefore, should be viewed as maxiraum values of paleotemperature. Based upon the scatter of Price's (1983) data, the statistical error associated with these temperature estimates is approximately +20°C. Values for the Yolla Bolly terrane range from 1.00% to 2.13%, and a distinct bimodal grouping is apparent. Based upon the Price (1983) correlation, these levels of thermal maturity suggest burial temperatures of between 183°C and 285°C (Fig. 6) .
Rm values for the Central belt range from 0.68% to 1.69%; the corresponding temperature estimates are 137°C to 254°C (Fig. 6) . The average values for the Central belt are Rm = 1.04% and T = 192°C. These temperature estimates are well within the stability fields of mineral assemblages containing pumpellyite + chlorite; this level of inorganic metamorphism is typical of both greenstone blocks and graywackes within the Central belt (see Liou et al., 1985 , for phase equilibria data).
The spatial variations in vitrinite reflectance define an overall eastward increase in thermal maturity (Fig. 7) although there are several breaks in the pattern. In a crude sense, these variations in thermal maturity must be a function of differing amounts of uplift and uproofing of the Franciscan Complex from west to east. Local perturbations from the regional pattern can be attributed to the polyphase history of regional deformation, including late Cenozoic right-lateral strike-slip faulting (Herd, 1980; McLau^ilin and Nilsen, 1982) . The region south of Covelo displays a more disjointed thermal structure, and this could be due to juxtaposition of contrasting blocks by strike-slip faults or due to earlier mixing of larger coherent slabs within the melange.
We stress here that the number of analyses of Yolla Bolly strata is limited to eight, and all but one of the sample sites lie outside of the main, in situ portion of the terrane. Consequently, the results obtained from outliers of Yolla Bolly rocks may not be representative of the terrane as a whole. The correlation between vitrinite reflectance and illite crystallinity is shown in Figure 8 . Compared to correlations already established for younger Franciscan strata of the Coastal belt , the degree of scatter displayed by data from the Central belt is appreciable (i.e., much lower correlation coefficient). This relatively weak correlation could be a response to higher lithostatic pressures and/or larger deviatoric stresses. Geologic structures (faults, shear zones, etc.) can influence the degree of reflectance anisotropy in coals (Stone and Cook, 1979) , and the standard deviation of Ro values about the mean is known to increase with increasing thermal rank (Stach et al., 1975) . Consequently, the values of mean random reflectance from both the Central belt and Yolla Bolly terrane may have been perturbed by penetrative deformation, thereby decreasing the correlation with illite data. Weathering of strongly sheared argillites could have a negative effect on vitrinite as well. On the other hand, the direct influence of both pervasive shearing and high lithostatic pressure on illite crystallinity remains poorly known. In the absence of empirical or experimental data bearing directly on this issue, we are unable to attribute the relatively poor Rm-CI correlation to any single factor.
CONCLUSIONS
Estimates of Franciscan paleotemperature, based upon measurements of vitrinite reflectance, are compatible with phase-equilibria data from inorganic mineral assemblages. Maximum temperatures for eight samples collected from the Yolla Bolly terrane were no higher than 285°C, and values for matrix argillites of the Central belt melange range between 137°C and 254°C (average = 192°C). There is a crude eastward increase in levels of organic metamorphism; inconsistancies in this pattern are due to juxtaposition of contrasting slabs during polyphase deformation of the melange. The correlation between vitrinite reflectance and illite crystallinity is statistically significant for both Central belt and Yolla Bolly data, but the correlation coefficients are lower than coefficients for comparable data from the Franciscan Coastal belt. One problem with the technique of vitrinite reflectance is the potential alteration of vitrinite particles by weathering and oxidation at or near the surface. Surface weathering can produce multimodal patterns on histograms depicting random reflectance (Marchioni, 1983) , and the weathering effect can extend as deep as 10 meters below the surface. In order to minimize this effect, pains were taken to select the freshest possible samples from roadcut and streambank exposures. It also should be noted that actual measurements made from oxidation halos yielded lower reflectance values than similar measurements made on unaltered cores.
Kerocren Concentration
Measurements of organic-carbon content demonstrate that most Franciscan shales from northern California are depleted in organic matter, with values typically ranging between 0.35 and 0.65 wt-% carbon (Underwood, 1985 . Consequently, organic matter had to be extracted and concentrated before measurements of vitrinite reflectance could be completed. The pertinent laboratory methods are outlined in Underwood and Strong (1986) .
Data Collection
Observations in reflected light were made using a 50x oil-immersion lens and a 16x ocular mounted on a Leitz Ortholux research microscope set up in the reflected light mode. A Keithly 244 high-voltage power supply and a Hewlett-Packard direct-current power supply provided stable power to the photometer and the light source, respectively. Reflected light was directed to a Leitz MEV-1 photometer through a 70-micron diameter diaphragm (constricted to a 4-micron opening during calibration), and each Ro value was read on a Keithly 177 Microvolt digital voltmeter. Calibration of the photometer for a linear response was performed using polished reflectance standards (0.299, 0.506, 0.940, 1.025, and 1.672%).
The criteria for selection of appropriate organic particles to measure are described in Dow and O 1 Connor (1982) and Underwood and Strong (1986) . Briefly, vitrinite particles were chosen on the basis of morphology, color, and texture of the polished surface. Given the levels of maturation documented in our study, vitrinite can be identified on the basis of relative reflectivity or a "lowest gray" scale. Such methods require abundant kerogen, however, so that direct comparisons between macerals can be made within a single field of view. To avoid bias toward a "correct" reflectance value in lean samples, we depended strongly on morphologic criteria to select vitrinite particles (see Stach et al., 1975) . About 50 data points were gathered from each sample to assure statistically valid results.
Data Reduction and Interpretation
It is a common practice to plot reflectance data in histogram form to help identify recycled vitrinite (Dow and O 1 Connor, 1982) . Given a Gaussian distribution of Ro values, calculations of mean and standard deviation are completed using all available data points. Populations of vitrinite can be distinctly bimodal or multimodal, however. By convention, the mode showing the lowest reflectance is viewed as the indigenous population; higher values are labeled "reworked" and eliminated from calculations of mean reflectance. If a few isolated values are much higher than the majority, "recycled" grains are routinely eliminated. However, some Franciscan samples produce complicated multimodal patterns, and this inhibits objective identification of the "recycled" population (Appendix C). Multimodal distributions can be caused by surface weathering (Marchioni, 1983) or increasing anisotropy with grade, and turbiditic shales commonly are bimodal or multimodal (Castano and Sparks, 1974) . Moreover, we believe the inference of recycling should be consistent with independent geologic information linking the depositional environment to a suitable source terrane with appropriately elevated thermal maturity. Such a link is difficult to establish because of polyphase faulting and long-distance translation of terranes in northern California. To avoid data bias and increase the degree of reproducibility in the study, higher Ro values were eliminated from calculations of mean reflectance only if a data gap of a least 0.10% Ro (one sampling interval) is present or morphologic features suggested recycling.
Illite Crystallinity
Another measure of thermal maturity is the degree of crystallinity of the clay mineral illite (Weaver, 1960; Kubler, 1968) . The conversion of smectite to illite involves the progressive expulsion of interlayer water and incorporation of cations (primarily K*" and Na+) within the clay lattice. This process is transitional, and the intermediate product is a mixedlayer/smectite clay. The final phase of illitization requires the dehydration of the last layers of water from between the clay layers and the inclusion of additional K*" ions into the illite structure. As this reaction proceeds the degree of illite crystallinity increases (Dunoyer de Segonzac, 1970) . Perry and Hower (1970) concluded that the transformation of smectite to illite is controlled largely by temperature rather than pressure, so illite crystallinity can be correlated with thermal maturity. However, to our knowledge, crystallinity has never been calibrated directly against a temperature scale using either borehole data or experimental data. Crystallinity is measured from the morphology of the characteristic 10A illite peak on an X-ray diffractogram. Higher crystallinity is indicated by a sharper or narrower peak, and lower crystallinity is indicated by a diffuse or broader peak (Weaver, 1960 , Kubler, 1968 .
As with vitrinite reflectance, several factors can bias the results of crystallinity measurements. With low-grade rocks, in particular, spurious values can be caused by detrital illite particles. Disordering of the illite is increased by the presence of interlayer smectite (Gaudette et al., 1966) , and degradation may result from weathering (Dunoyer de Segonzac, 1970) . Both of these factors reduce the degree of crystallinity. An increase in crystallinity can be caused by interstitial solutions in more permeable sediments, the presence of larger detrital illite particles, or the incorporation of ^ or Na+ into the structures of alkali-deficient illites (Dunoyer de Segonzac, 1970) .
TWo X-ray diffraction methods are available to measure illite crystallinity. Weaver's (1960) method, called the sharpness ratio, is the ratio of the total height of the 10A peak to the peak height at 10.5A (Fig.  9 ). Higher degrees of illite crystallinity correspond to increasing sharpness ratios. Kubler's (1968) method was used in our study; the so-called crystallinity index (CI) uses the width of the 10A illite reflection at half the peak height on the X-ray dif fractogram (Fig. 9) . Lower CI means higher crystallinity. Rubier's original values were defined in terms of milliraeters, and direct comparisons of values could be made only if laboratory instruments were calibrated according to the same analytical conditions. Subsequent workers (e.g., Kisch, 1980; Duba and Williams-Jones, 1983 ) expressed their measurements in terms of degrees 26, which normalizes the differences between instruments. The crystallinity-index data presented in this report, therefore, are expressed in degrees 26.
Sample Preparation
Approximately forty grams of shale were crushed in a cast-iron mortar and then sifted in a 105 micron sieve. The finer fraction was dispersed in 400 milliliters of distilled water, using an ultrasonicator for four minutes. A pinch of Calgon was added prior to sonication to facilitate dispersal of floccules. Samples were allowed to settle, and after eight hours the 2-mLcron fraction was sampled from the uppermost 10 cm of water using a pipette. This size fraction was sampled to reduce contamination by detrital illite, which is usually larger. The clay suspension was then pipetted onto a glass slide and allowed to air dry at room temperature. Three oriented slides were prepared in this manner for each sample. One slide was left untreated, one was treated with ethylene glycol, and the other heated at 100°C for two hours.
All samples were analyzed by X-ray diffraction using a Phillips X-ray diffractometer. CuRx radiation was generated by a graphite monochromator. Samples were run at a rate of 1° per minute from 3° to 35° 26. The voltage was set at 35 kilovolts and 20 milliamps. The same rate and meter settings were used for all slides. All three slides (untreated, glycolated, heated) were examined to better define the 10A illite peak and to recognize the effects of any mixed-layer clays present. Only glycolated samples were used to measure the illite crystallinity, however, because this treatment reduces the influence of mixed-layer clay minerals on the dif fractogram response of illite. 14 A FIGURE 9. Methods used to quantify illite crystallinity. Upper diagram shows Weaver*s (1960) method, termed, the sharpness ratio; this parameter is the ratio of the total height of the 10 A peak to the peak height at 10.5A. A higher degree of crystallinity results in an increasing sharpness ratio. The lower diagram shows the Kubler (1968) method; the socalled crystallinity index uses the width of the 10A reflection at one-half the peak height. Values (expressed in terms of °20) decrease with increasing crystallinity. All values reported in this study use the Kubler method. 
